Introduction
Chlorobenzene is a model chlorinated aromatic compound whose high temperature chemistry has been investigated in the context of the destruction of chlorinated waste by incineration or desubstitution by hydrogen, and where potential formation of toxic polychlorinated dibenzodioxins is a concern [1] [2] [3] [4] [5] . Chlorine substitution has also been observed to enhance soot formation in shock tube experiments [6] . By contrast to chloroalkanes which typically react via direct abstraction, the reactions of chlorobenzene with radicals could involve a variety of further mechanisms, including stabilized addition, displacement and dissociation or isomerization of a bound intermediate [7] . To complement previous studies involving thermal initiation of chlorobenzene chemistry [1] [2] [3] [4] 7] , we present results obtained in a photochemical system. Direct monitoring of H and Cl atomic concentrations over short time scales helps isolate individual elementary steps, and allows measurement of the thermochemistry of the chlorocyclohexadienyl radical intermediate. Stationary points on potential energy surfaces are characterized via density functional theory to assist identification of the major reaction pathways. The rate constant for H addition to chlorobenzene is measured, along with the first determination of the thermochemistry of 1-chlorocyclohexadienyl. Kinetic information is also obtained about the reaction of phenyl radicals with chlorobenzene, where channels that have been discussed in the literature involve displacement of H and Cl atoms [2] [3] [4] .
Experimental Method
The photochemical reactor and application to H and Cl kinetics has been detailed in previous publications [8] [9] [10] [11] . Briefly, radicals are generated by pulsed excimer laser photolysis of parent molecules at 193 nm, and their concentration is probed by resonance radiation in the vacuum ultraviolet generated in a microwave discharge. Resonance fluorescence is observed with a solarblind photomultiplier tube with photon counting, and signals following 1000 -40000 photolysis pulses, typically at 3-4 Hz, are accumulated in a multichannel scaler. A slow flow of gas (>10 cm Experiments are carried out with a large excess of chlorobenzene over radicals, whose concentration is estimated from the photolysis laser intensity and the concentration and UV absorption cross-section of the absorbing species. To avoid secondary chemistry, very low laser fluences of typically 40-200 μJ cm -2 were employed. The laser pulse energy F was varied to check that the observed kinetics were independent of the initial radical concentration, and that elementary reactions were isolated from subsequent chemistry involving photolysis or reaction products. Chlorobenzene absorbs strongly at 193 nm, and we determined a cross section at room temperature of (9.62 ± 0.14) × 10 -18 cm 2 molecule -1 . The quantum yield for dissociation to C6H5 + Cl is unity [12, 13] .
For a simple kinetic scheme, such as [C6H5Cl] to yield k1 as the slope of Fig. 1 .
Under some conditions we found the products of reaction 1 decomposed to regenerate H atoms:
We solved these differential equations for concentration to obtain
The parameters k1' = k1[C6H5Cl] , k-1, and k3 were derived via nonlinear least-squares fitting of the observed biexponential [H] profiles, with k2 fixed from separate experiments with NH3 alone.
A third kind of behavior was also observed, where no H atoms were generated photolytically but instead they were formed chemically. A proposed kinetic scheme for such conditions is C6H5Cl + hν → C6H5 + Cl (4)
together with a chemical loss path H + C6H5Cl → products (6) which, by contrast to reaction 1, is not addition, and loss of H via (2) . The corresponding rate law 
Results and Discussion
Our observations may be divided into three temperature regions. In the low temperature regime, where T ~ 300 -550 K, simple first order kinetics for reaction of H with C6H5Cl were seen, exemplified in Fig Table S1 of the Supplemental Material. The rate constant k1 was found to be independent, within the experimental scatter, of the average gas residence time in the reactor before photolysis τres, the laser pulse energy F, and the pressure P, which is consistent with successful isolation of the kinetics from secondary chemistry and insignificant thermal decomposition of the reactants. The initial radical concentrations [Cl]0 = [C6H5]0 arising from photolysis of chlorobenzene along with the H-atom precursor are given in Table S1 . In principle H + phenyl chemistry, which has a high rate constant [16] , could account for 15-30% of H consumption at room temperature, 7-20% at 363 K and less than 5% at 630 K. These are k1 is a factor of 3 higher than the analogous H + C6H6 rate constant at room temperature, and similar to this rate constant at 500 K [18] . The benzene reaction proceeds via addition to make cyclohexadienyl and is at the high-pressure limit at 10 Torr of Ar bath gas. Probing for Cl atoms indicated no chemical production of Cl after the photolysis pulse, which rules out a major contribution from a Cl-atom displacement pathway. Photolytically-formed Cl was observed to decay at rates up to ~100 s -1 , which we attribute to reaction with phenyl radicals [19] . Cl abstraction by H, as argued below from computational results, is too slow to contribute significantly, less than 5% in this low temperature regime. Thus a plausible interpretation is that the H + C6H5Cl reaction proceeds via addition to one of the carbon atoms, like H + C6H6. Unlike in the benzene system, several chlorocyclohexadienyl isomers are possible depending on where the H atom adds relative to the Cl atom in chlorobenzene: Table S2 . It may be seen that the most stable species is 6-chlorocyclohexadienyl, which results from ipso addition of H to the C atom bonded to Cl with a barrier of ~32 kJ mol -1 . The addition paths (7b-7d) at the other C atoms, which are ortho, meta and para, respectively, to the C-Cl bond, are computed to have lower barriers, in the range 15-17 kJ mol -1 , and the most kinetically favored product, by a small margin, is where H adds ortho to the C-Cl bond. The resulting 1-chlorocyclohexadienyl product is also, by a small amount, computed to be the most stable of the adducts where H is not bonded to the halogenated C atom.
A transition state theory (TST) analysis [20, 21] . This is in order-of magnitude accord with our measurements: the DFT data overestimate the combined addition path by about a factor of 2 at 300 K and a factor of 5 at 600 K. By analogy with H + C6H6, the addition channels (7b-7d) will be at their high-pressure limits under our experimental conditions. We note that the significant barrier of ~111 kJ mol -1 relative to H + C6H6 for 1,2 H-shifts in cyclohexadienyl [22] means that these channels are distinct.
Ipso addition via TS7a in Fig. 3 in fact corresponds to a displacement pathway, because the initially energized 6-chlorocyclohexadienyl intermediate can rapidly eliminate atomic Cl:
H + C6H5Cl → 6-chlorocyclohexadienyl* → Cl + C6H6 (8) Under our conditions the kinetics are insensitive to the C-Cl bond strength in this species, and whether it is a pi or sigma bonded adduct [23] , because its dissociation is not rate limiting for pathway (8) and the effective rate coefficient for Cl atom production at moderate pressures will be k7a [4] , which from DFT and TST is predicted to be 1. there was extensive Cl formation during photolysis which, along with the observed lack of H formation, is consistent with the idea that channel (4) is the dominant photochemical process at 193 nm [12, 13] .
H-atom abstraction has a predicted DFT barrier of 46-52 kJ mol -1 (Table S2 ) depending on the site attacked. This is the least favorable reaction path for H reaction with C6H5Cl and is not therefore considered further here.
In an intermediate temperature region with T ~ 580 -635 K, biexponential decays of [H] were
seen, following its generation by photolysis of NH3 precursor. An example is shown as the inset in Fig. 4 . We interpret this behavior in terms of reversible adduct formation, where at sufficiently high temperatures cyclohexadienyl-like radicals will decompose by H-atom elimination. We analyzed such decays according to the scheme of reactions (1), (2), (-1) and (3) to obtain k1, k-1 and k3. In general, biexponential analysis is potentially ill-conditioned, so it is important to check the consistency of the derived parameters. As may be seen in the example run shown in Fig. 4 , the loss of adduct is independent of [C6H5Cl], i.e., it is verified to be first-order at fixed total pressure, and redissociation (by H elimination, k-1) is the major path while loss without H generation (k3) is minor. Similarly, the main consumption of H is first-order in [C6H5Cl] (k1) and the contribution from path (2) is minor. The results are summarized in Table S1 .
The ratio of these rate constants is the equilibrium constant Keq for adduct formation and, after conversion of Keq to a standard state of 10 5 Pa, our data are plotted in van't Hoff form in Fig. 5 .
A "third law" analysis was used, where the intercept was constrained to ΔS298/R = 10.97 derived from the DFT parameters. ln Keq includes a small correction of about 0.2, derived via -(ΔST-ΔS298)/R + (ΔHT-ΔH298)/RT, which allows for the temperature dependence of ΔS and ΔH (see Table S3 ). The observed Keq corresponds to reversible formation of the 1-chlorocyclohexadienyl isomer, because the less stable species are already not formed significantly (i.e., they dissociate more rapidly) at the highest temperatures where biexponential decays were seen. In other words, at the limiting temperatures where reversible equilibrium is observed, only the most stable Table   S2 and the thermal corrections from Table S3 , is in good accord with this measured ΔH298, which lends support to our interpretation. There is no prior determination of the thermochemistry of chlorocyclohexadienyl, but we note that the C-H bond dissociation enthalpy found here is not significantly different from that in cyclohexadienyl, 109.6 ± 11.7 kJ mol -1 [18] . The H-C6H4Cl bond strength together with ΔfH298 for H and C6H5Cl of 218.0 and -54.4 ± 0.9 kJ mol -1 , respectively [24] , yields ΔfH298(1-C6H6Cl) = 271.7 ± 3.4 kJ mol -1 .
In the high temperature regime T ~ 800-1000 K, H atoms were observed during photolysis of chlorobenzene in the absence of added NH3 precursor. The yield of H increased with temperature, and at lower temperatures (~ 650 -700 K) was too small to use for kinetic analysis.
A typical fluorescence profile is shown in Fig. 6 . Atomic hydrogen is not formed by direct estimates of Louw and coworkers for channels (5a) and (5b) [7] , who assumed k5b was similar to their empirically estimated phenyl + benzene rate constant [25] . In accord with our lack of observation of Cl atom growth, they set k5a ~ 0.1 k5b, but the absolute magnitude of their rate constants is about two orders of magnitude smaller than determined here. This difference arises mainly from their smaller pre-exponential factor of 1.7 × 10 -13 cm 3 molecule -1 s -1 for the dominant k5b path, which corresponds to a tighter transition state. The analogous phenyl + benzene rate constant has been recently reassessed as about 4 times larger at 800 K [26] , which reduces the discrepancy.
After generation of atomic H, its concentration then falls slowly, at of the order of 10 s -1 , and for fitting purposes this loss is ascribed an effective second-order rate constant k6. The results from this analysis are summarized in Table S4 . We do not interpret the overall loss (6) as an elementary reaction. The data for k6 are highly scattered, with an uncertainty comparable to the magnitude of k6, but they indicate that k6 < 10 -13 cm 3 molecule -1 s -1 . If overall loss (6) corresponded to one or more elementary paths, its rate constant would have to be at least equal to that for Cl-atom abstraction
The DFT data yield a TST rate constant of k9 = 4. 
Conclusions
At temperatures below 630 K, the dominant path for the H + C6H5Cl reaction is addition to make stabilized chlorocyclohexadienyl radicals. These adducts become unstable at the upper end of this range, and observation of reversible adduct formation yields the C-H bond dissociation enthalpy. At higher temperatures more complex behavior is seen. H atoms are formed chemically, which is attributed to the reaction of phenyl with chlorobenzene. No evidence for Cl formation was seen, although a minor branching ratio cannot be ruled out. Net loss of H atoms is very slow, and potential H-atom regeneration processes include displacement reaction of phenyl and chlorophenyl radicals, formed by attack of atomic Cl, with chlorobenzene. Table S1 . Summary of kinetic measurements for H + C6H5Cl below 635 K. Table S2 . B3LYP/6-311G(2d,d,p) density functional results for the C6H5Cl+H reaction system. Table S3 . Thermodynamic functions for C6H5Cl, 1-C6H6Cl and C6H5 based on B3LYP/6-311G(2d,d,p) frequencies and rotational constants. Table S4 . Summary of measurements of the rate constants for phenyl reaction with chlorobenzene, k5a + k5b, and effective k6 for H-atom loss in the presence of chlorobenzene, expressed as a second-order rate constant.
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